At present, bisphosphonates are being used widely for the treatment of bone metabolic diseases 1) such as osteoporosis, 2) Paget's disease, 3) and hypercalcemia associated with a malignant tumor. Bisphosphonates act via direct inhibition of the bone resorption activity of osteoclasts. [4] [5] [6] In addition, bisphosphonates were reported to have inhibited indirect bone resorption mediated by their influence on other cells, such as juvenile osteoclasts and osteoblasts, [7] [8] [9] and their inhibition of adhesion of fibroblasts, macrophages, and breast cancer cells also has been reported. [10] [11] [12] [13] In recent years, it has been reported that bisphosphonates induce apoptosis of myeloma cells in vitro.
Paget's disease, 3) and hypercalcemia associated with a malignant tumor. Bisphosphonates act via direct inhibition of the bone resorption activity of osteoclasts. [4] [5] [6] In addition, bisphosphonates were reported to have inhibited indirect bone resorption mediated by their influence on other cells, such as juvenile osteoclasts and osteoblasts, [7] [8] [9] and their inhibition of adhesion of fibroblasts, macrophages, and breast cancer cells also has been reported. [10] [11] [12] [13] In recent years, it has been reported that bisphosphonates induce apoptosis of myeloma cells in vitro. [14] [15] [16] The newly developed YM529 retains an imidazopyridine group, which is a heterocyclic aromatic, and has 10-100 times stronger inhibitory effects on bone resorption compared with existing bisphosphonates. 17, 18) Moreover, a potent antitumor effect of YM529 on myeloma cells has been reported. 19) Considering the accumulation of bisphosphonates in bones, a stronger apoptosis-inducing effect of this agent on bone metastatic tumors or hematopoietic tumors can be expected, suggesting the possibility of the clinical use of this agent as an antitumor drug. In our experiment, we evaluated the cell viability and apoptosis-inducing effect of YM529 on various hematopoietic tumor cell lines, and compared the efficacy of each with that of YM175, which has been reported to have relatively potent antitumor effects relative to existing bisphosphonates.
MATERIALS AND METHODS

Chemicals
YM529
(1-Hydroxy-2-(imidazo-[1,2-a]-pyridin-3-yl) ethylidene bisphosphonic acid monohydrate and YM175 ((cycloheptylamino)-methylene bisphoshonic acid) were supplied from Yamanouchi Pharmaceutical Co., Ltd. (Tokyo, Japan). These bisphosphonates were dissolved in phosphate buffered saline (PBS, 0.05 M, pH 7.4), filtrated through Syringe Filters (0.45 micron, IWAKI GLASS) and used for various assays described below.
Cell Culture HL-60, Jurkat, K562, MOLT-4, and U937 cells were obtained from Riken Cell Bank. CCRF-SB and HS-Sultan were obtained from Dainippon-Pharmacy. These cells were cultured in RPMI1640 medium (Nissui) supplemented with 10% fetal calf serum (Gibco), penicillin (100 mg/ml, Meiji), streptomycin (100 units/ml, Meiji), and 25 mM Hepes (pH 7.4, Wako) in an atmosphere containing 5% CO 2 .
Cell Viability Cell viability was assessed by the tetrazolium dye method using TetraColor ONE assay kit (Seikagaku). Cells (2ϫ10 4 cells/well) were plated in 96 well plates and incubated with various doses of YM529 or YM175 described above for 24, 48 and 72 h. Absorbance was measured at 492 nm using a microplate reader (SK601, Seikagaku). Apoptosis was assessed by the demonstration of the activation of caspase-3.
Analysis of Nuclear Morphology All cell lines were cultured for 24 h before treatment with 200 mM YM175 and YM529 and grown in the presence of the bisphosphonates for 2 d. On the third day, the cells were fixed with 10% formaldehyde in PBS for 5 min before staining them with Hoechst 33258 (1 mg/ml) at 37°C in the dark. For fluorescence microscopy, cells were cytospun onto slides and examined using a universal microscope (Olympus) with UV illumination. Apoptotic cells were defined on the basis of characteristic changes in the nuclear morphology. In recent years, it has been reported that bisphosphonates inhibited the cell cycle of myeloma cells to inhibit cell proliferation directly, and it was also reported that bisphosphonates induced apoptosis of myeloma cells in vitro. Recently, YM529 was developed as a new third-generation bisphosphonate. In our experiment, we investigated whether YM529 showed an antitumor effect on hematopoietic tumor cell lines other than myeloma, and we compared YM529 with YM175, which had a relatively more potent antitumor effect than that of existing bisphosphonates. We found that YM529 inhibited cell proliferation in various hematopoietic tumor cell lines (acute promyelocytic leukemia cell line HL-60, chronic myeloid leukemia cell line K562, histiocytic lymphoma cell line U937, lymphoblastic leukemia T cell line Jurkat, acute lymphoblastic leukemia T cell line MOLT-4, lymphoblastic leukemia B cell line CCRF-SB) including myeloma (myeloma cell line HS-Sultan) dose-dependently and timedependently to a degree equivalent or superior to that in myeloma, and induced apoptosis at a lower concentration as compared with YM175. We confirmed many dead cells as well as apoptosis based on the detection of the nuclei with separate globular structure, the activation of caspase-3, and the decrease in mitochondrial transmembrane potential. Therefore, it is concluded that further utilization of YM529 can be expected against hematopoietic tumor cells in the future.
Cytofluorometric Determination of Mitochondrial
Mesurment of Caspase-3 Proteolytic Activity Caspase-3 like enzyme activity was measured by proteolytic cleavage of the fluorogenic substrate DEVD-AFC using the ApoTarget Caspase-3 Protease Assay Kit (BioSource International Inc.). HL-60 cells were treated with or without YM175 or YM529 for 24 or 48 h. And then, cells were collected, washed in PBS and lysed in lysis buffer in the above kit. For the assay, a solution of cell lysates containing 50 mM substrate was incubated at 37°C for 1 h. The release of AMC from the substrate was measured fluorimetrically using a fluorescence spectrophotometer (F-4010, Hitachi) with an excitation wavelength of 505 nm and an emission wavelength of 400 nm. The results were corrected for protein content of the lysates and expressed as change in proteolytic cleavage of the substrate (pM) for 1 h per mg protein.
The protein content of the cell lysate was determined using the BCA protein assay kit (Pierce).
Statistical Anlysis Statistical anlysis was performed with the Mann-Whitney-test and a value of pϽ0.01 was considered statistically significant.
RESULTS
Cell Viability YM175 or YM529 was administered to various hematopoietic tumor cell lines, and the cell viability of both drugs was compared by the tetrazolium salt method. Both drugs showed cell viability in all the cell lines dose-dependently and time-dependently (Fig. 1) . Table 1 lists the IC 50 of YM175 and YM529 against all the cell lines. Against cell lines other than CCRF-SB, YM529 was confirmed to have a more potent inhibitory effect of cell viability than YM175. Against HL-60, HS-Sultan, K562, and U937, in which a remarkable effect of YM175 treatment was observed, YM529 was confirmed to have a more potent inhibitory effect of cell viability (Fig. 1, Table 1 ). In addition, against Jurkat and MOLT-4, in which the inhibitory effect of cell viability of YM175 treatment was mild, YM529 was observed to decrease the cell survival rate markedly, and was confirmed to have a potent inhibitory effect of cell viability on these cell lines (Fig. 1, Table 1 ).
Changes in Nuclear Morphology YM175 and YM529 treatment for 2 d caused changes in nuclear morphology consistent with induction of apoptosis in various hematopoietic tumor cell lines. When stained with Hoechst 33258, many cells had nuclei with separate globular structures (Fig. 2) . These features are highly characteristic of apoptotic cells. Similar changes in nuclei were observed in all the cell lines treated with YM175 (Fig. 2) .
Caspase-3 Activity After YM529 or YM175 treatment, the activation of caspase-3 in all the cell lines used in the experiment was observed over time (Fig. 3) . In all the cell lines, the activation was slow at 24 h after YM529 or YM175 treatment, but at 48 h, the activation of caspase-3 developed rapidly in YM529 treatment as compared with YM175 treatment.
Mitochondrial Transmembrane Potential After treatment with 200 mM YM175 or YM529, a decrease in mitochondrial transmembrane potential was observed in all the cell lines used in this experiment (Fig. 4) . A decrease in membrane potential was observed in MOLT-4 beginning 12 h after the addition of YM529, and in other cell lines, the decrease in membrane potential was observed at 24-48 h after the addition of YM529 (Fig. 4) . These results suggest that the route of the implementation of apoptosis in cell lines used in the experiment induced by YM529 and YM175 was mediated by mitochondria, and YM529 was confirmed to induce a decrease in mitochondrial transmembrane potential earlier than YM175.
DISCUSSION
In recent years, it has been reported that bisphosphonates inhibited the cell cycle of myeloma cells to inhibit cell proliferation directly, and it was also reported that bisphosphonates induced apoptosis of myeloma cells, [14] [15] [16] macrophage cells, 20) and breast cancer cells 21) in vitro. Bisphosphonates exhibit inhibitory effects on bone resorption as well as having antitumor effects, thereby suggesting the possibility of their providing a beneficial effect on tumor disease associated with bone destruction. Recently, YM529 was developed as a new third-generation bisphosphonate. According to reports, 17, 18) YM529 has an approximately 100-fold more potent inhibitory effect on bone resorption as compared with the second-generation bisphosphonate pamidronate, and an approximately 10-fold more potent inhibitory effect as compared with the third-generation bisphosphonate YM175. We confirmed that YM175 and YM529 inhibited cell proliferation in hematopoietic tumor cell lines, including myeloma cell lines, dose-dependently and time-dependently. In our experiments, we confirmed many dead cells, and we also confirmed that the cell death was apoptosis based on the detection of morphological nuclear change with separate globular structures and the activation of caspase-3. The induction of apoptosis by bisphosphonates was confirmed not only in the myeloma cell line already reported (HS-Sultan), but also in all the cell lines used in our current experiment, such as the lymphoblastic leukemia B cell line (CCRF-SB), the acute promyelocytic leukemia cell line (HL-60), the chronic myeloid leukemia cell lines (K562), the lymphoblastic leukemia T cell line (Jurkat), the acute lymphoblastic leukemia T cell line (MOLT-4) and the histiocytic lymphoma cell line (U937). YM175 showed a mild inhibitory effect on Jurkat and MOLT-4, whereas YM529 was confirmed to have a stronger apoptosis-inducing effect on these cell lines as compared with YM175. That is, YM529 was confirmed to inhibit cell proliferation at a lower concentration than YM175, which has a relatively more potent antitumor effect than existing bisphosphonates. The result is consistent with a report of Takahashi et al., 19) which described YM529 as one of the bisphosphonates with the most potent cytostatic effects on myeloma cells, and the same effect of the drug on hematopoietic tumor cells other than myeloma was observed. However, against CCRF-SB, both YM175 and YM529 showed only mild cytostatic effects, and the cytostatic effects of bisphosphonates may be mild on B cell line leukemia cells. In the present experiment, the reason for different efficacies with different cell types remains completely obscure, and further research on this topic is required in the future. The concentration of bisphosphonate YM529 that induces apoptosis in hematopoietic tumors in myeloma, breast cancer and the present experiment is clearly 10 times higher compared to the concentration that suppresses bone resorption of osteoclasts. However, since bisphosphonate accumulates in the bone, its concentration in the bone marrow is very high, suggesting that it may be very effective against bone marrow tumors, including bone metastatic tumors. Based on the experimental results, YM529 was shown to induce apoptosis of hematopoietic tumor cells other than myeloma to a degree equivalent or superior to that in myeloma, and to induce apoptosis at a lower concentration as compared with YM175. Therefore, we conclude that further utilization of the drug can be expected in the future.
